INTRODUCTION: Neuronal fate decisions must be coordinated across brain regions so that the proper stoichiometry of distinct afferents and their target neurons is established. Many sensory systems rely on stochastic fate specification to increase their repertoire of neuronal types and/or to establish the mosaic of distinct sensory receptors. Once these stochastic fate decisions have been made at the periphery, they must be conveyed to processing centers in the brain to ensure that the correct information is retained. This in turn requires that the proper number of target neurons of the proper type are generated and are connected to their cognate sensory receptors. How these stochastically de-termined sensory systems transmit their decision to their targets in the brain-as when red (L) and green (M) cone photoreceptors connect to their appropriate bipolar cells in the human retina, or when randomly specified olfactory receptors project to their correct glomeruli in the mouse olfactory bulb-has remained unknown. RATIONALE: In the Drosophila retina, different types of color-sensitive R7 photoreceptors with different ultraviolet spectral sensitivities are stochastically specified and distributed. By contrast, neurogenesis of the optic lobes that receive input from photoreceptors is highly deterministic: A fixed number of neuroblasts produces se-quentially the same types of neurons following a rigid temporal program as well as a spatial program of determination. We asked how the stochastic choices made in the retina are propagated to the optic lobes-that is, how stochastically specified photoreceptors project and connect to their neuronal targets that are generated through a highly deterministic program. RESULTS: We identified distinct subtypes of the main postsynaptic target of the ultravioletsensitive R7 photoreceptors, the Dm8 neurons. Each Dm8 subtype is specific to one of the three different subtypes of R7, and their organization in the optic lobe mirrors the topographic organization of R7s in the retina. The three subtypes of Dm8 are prespecified early in neurogenesis by distinct neural progenitors, independently from (and before) any photoreceptor input. These neurons are produced in excess, but only when the correct photoreceptor-Dm8 pairs form do Dm8s survive. This allows them to accommodate random variations in the production of the subtypes of R7s. Those Dm8s that do not find their correct R7 partner are culled by programmed cell death. We then showed that matching of one of the R7-Dm8 subtypes is mediated by two complementary cell adhesion molecules: Dpr11 in one of the subtypes of R7, and its cognate receptor DIPg in the corresponding subclass of Dm8. Loss of either molecule leads to the death of that Dm8 subtype or its mispairing with the wrong R7 subtype; these phenotypes are similar to the loss of the corresponding subtype of R7 photoreceptors. These mechanisms allow the qualitative and quantitative matching of R7 subtypes with their target in the brain, and thus permit the stochastic choice made in R7 to be propagated to the deterministically specified downstream circuit to support color vision. CONCLUSION: Our data reveal two fundamental principles in circuit formation: (i) The neurotrophic theory suggests that neuronal survival depends on trophic factors provided by the targets. We show that apoptosis is also involved in the quantitative and qualitative matching of target neurons with their afferent sensory receptors, providing a direct link between correct synaptic partner choice and cell survival. (ii) As Sperry's chemoaffinity theory proposed, we show that synaptic partner choice is controlled by two interacting cell adhesion molecules, which are part of two large families of interacting proteins. ▪ S tochastic specification of neurons is a common feature of many sensory systems (1) . In the vertebrate olfactory system, it is used to increase the diversity of olfactory sensory neuron types to a repertoire of more than 1400 in mice (2) . In humans and old world monkeys, the stochastic specification of cone cells is the basis of the retinal mosaic responsible for trichromatic color vision (3, 4) . A neuron that relies on an initial stochastic decision must stabilize its choice to maintain its proper identity and then inform its downstream target cells of its choice. The latter is essential for neurons because they need to connect to their proper targets to faithfully transmit information to processing centers. The mouse olfactory system offers the most noteworthy illustration of this matching problem: The~1400 olfactory neuron subtypes are randomly distributed within the olfactory epithelium (5) , yet all olfactory neurons of the same subtype project to the exact same glomeruli of the olfactory bulb (6) (7) (8) .
In the Drosophila retina, a similar stochastic mechanism ensures the random distribution of photoreceptors with different spectral sensitivity (9, 10) . The Drosophila compound eye is composed of~750 unit eyes called ommatidia, each composed of eight photoreceptors. Ommatidia can be classified into different subtypes according to the rhodopsins with different spectral sensitivity expressed by color photoreceptors R7 and R8. The main part of the retina is occupied by two types of ommatidia that are randomly distributed and stochastically specified [ Fig. 1A ; reviewed in (11) ]. In the yellow (y) type that represents 65% of ommatidia, R7 expresses the ultraviolet (UV)sensitive Rh4, whereas R8-located below R7, and thus seeing the same point in spacealways expresses the green-sensitive Rh6. In the remaining 35% of ommatidia of the pale (p) subtype, R7 expresses the shorter UVsensitive Rh3 and R8 expresses the bluesensitive Rh5. A third type of ommatidia called dorsal rim area (DRA) is localized in the most dorsal row of ommatidia (12) . In this subtype, both R7 and R8 express Rh3 and are responsible for detecting the polarized skylight used for navigation (13) .
Most of the gene regulatory network controlling the establishment of the fly retinal mosaic has been uncovered (11) (Fig. 1B) . The stochastic fate decision is initially made by R7 and is controlled by the transcription factor Spineless (Ss). Ss is stochastically turned on in 65% of R7s that then adopt the yR7 fate (10, 14) . Once this decision is made cell-autonomously by R7, it is propagated to R8 in the same ommatidium so that R7 and R8 have coupled rhodopsin expression. This is achieved through induction of the pR8 fate by pR7s through Activin and bone morphogenetic protein signaling, whereas the yR8 fate is specified by default (15) . R7 and R8 send their axons to the medulla, the second neuropil of the optic lobe, where they make synapses with some of thẽ 40,000 neurons of more than 80 different cell types that constitute the medulla (16, 17) (Fig. 1C ). The medulla is retinotopically organized in~750 columns that correspond to thẽ 750 ommatidia. In contrast to the stochastic specification of photoreceptors, medulla neurons are formed following a stereotypic mode of development [reviewed in (18) ]. The medulla develops from a neuroepithelium during late third-instar larval stage and early pupation. A proneuronal wave sequentially converts single rows of neuroepithelial cells into neuroblasts, the Drosophila neural stem cells, until the neuroepithelium is fully consumed (19) . The medulla is thus sequentially produced, similarly and concomitantly to the retina where single rows of ommatidia are sequentially added in the eye disk at the morphogenetic furrow (20) (21) (22) . Once specified, medulla neuroblasts sequentially express a series of transcription factors that will command the fate of the neurons produced during each temporal window (23) (24) (25) . Thus, over time, a single neuroblast is able to generate a wide repertoire of different neurons, including the entire repertoire of unicolumnar neurons that are found in each medulla column with a 1:1 stoichiometry with photoreceptors (26, 27) .
Connecting photoreceptors with the correct postsynaptic partners is fundamental to ensure proper color vision. Here, we investigated how the stochastic decision made by photoreceptors is propagated to the medulla to instruct the formation of yellow and pale columns in which R7 photoreceptors connect to their proper specific targets. We found that correct matching is achieved through the generation of supernumerary target neurons of each subtype. Neurons that fail to connect to their corresponding R7 photoreceptor are culled by apoptosis. Recognition of future synaptic partners is achieved using a pair of interacting cell adhesion molecules from the Dpr/DIP families expressed in R7 or their Dm8 targets (28) .
We argue that competition between Dm8 subtypes for the available R7s affects both their survival and their targeting. This mechanism of elimination of supernumerary neurons upon lack of interaction between cell adhesion molecules might be a general mechanism to ensure the quantitative and qualitative matching of synaptic pairs, and to relay the stochastic decisions of sensory neurons to deeper brain regions.
Identification of subtypes of Dm8, the specific target neurons of R7
We first sought to identify the specific target neurons of the distinct R7 subtypes and thus focused on R7s' main postsynaptic partner, medulla neuron Dm8s (29, 30) . The cell adhesion molecule Dpr11 is specifically expressed in yR7 during pupal development, and one of the Dpr11-binding partners, DIPg, is expressed in a subset of Dm8s (28) (Fig. 1 , D and E). Because these molecules have been proposed to play a role in establishing synaptic specificity in the optic lobe (28, 31) , we reasoned that the two types of Dm8 neurons that are distinguished by DIPg expression could correspond to the two R7 subtypes, with DIPg + Dm8s being postsynaptic to Dpr11 + yR7s.
To test this, we first developed tools to genetically label the different populations of Dm8s according to their DIPg expression. We took advantage of a Minos mediated integration cassette (MiMIC) inserted in the first intron of DIPg (32) (fig. S1A) that faithfully recapitulates DIPg expression, as confirmed by antibody stainings against DIPg (fig. S1B). We swapped the green fluorescent protein (GFP) within the original MiMIC line with the Gal4 DNA binding domain to build a DIPg split-Gal4 line (DIPg-Gal4DBD) to label DIPgexpressing Dm8s, or with Gal80 to generate a DIPg-Gal80 to label DIPg-negative Dm8s ( fig. S1A ). The combination of the DIPg split-Gal4 line with a hemidriver for the histamine chloride channel ort (ort-C1-3-Vp16) that is expressed in neurons postsynaptic to photoreceptors (29) labeled a large subset of Dm8 neurons ( fig. S1D ). To better characterize the DIPg-expressing Dm8s and to look at their connectivity, we generated flipout clones to sparsely label this Dm8 popula-tion ( Fig. 1 , F and G). We confirmed that Dm8 neurons extend their dendrites in the M6 layer, where R7 projects, each contacting ∼14 columns (30, 33) ( Fig. 1 , G and J). At the cen-ter of their dendritic field, Dm8s extended a much more extensive dendritic branch in their "home column" along the R7 axon, from the M6 to the M4 layer that contained most of Courgeon their synapses with R7 (29, 34) ( Fig. 1F ). Single-cell clonal analysis revealed that DIPgexpressing Dm8s always have a Rh4-expressing yR7 in their home column (n = 31/31 Dm8s; Fig. 1 , F and G), but their lateral dendrites contact either pR7s or yR7s ( Fig. 1 , G and J). Hereafter, we refer to DIPg-expressing Dm8s as yellow Dm8s (yDm8s). We next characterized DIPg-negative Dm8s using two distinct Gal4 lines expressed in Dm8s in combination with DIPg-Gal80 (fig. S1F) and observed two types of neurons. One population of Dm8s was morphologically identical to yDm8s ( Fig. 1H and fig. S1F ). However, these neurons always had a pR7 in their home Courgeon column (n = 33/33 Dm8s; Fig. 1I ), but, similar to yDm8s, they contacted both pR7s and yR7s outside their home column ( Fig. 1 , I and J). We refer to these neurons as pale Dm8s (pDm8s). Although both pDm8s and yDm8s showed a strict preference for the R7 subtype in their home column and contacted on average the same number of R7s outside their home column ( Fig. 1J ), the ratio of R7 subtypes contacted by their lateral dendrites was different: yDm8s connected to yR7 versus pR7 with the same frequency as the distribution of these photoreceptors ( Fig. 1J , ratio of yR7 contacted = 61.4% versus yR7 frequency = 65%), whereas pDm8s had a preference for pR7s ( Fig. 1J , ratio of pR7 contacted = 51.2% versus pR7 frequency = 35%). Additionally,~15% of Dm8s from both populations harbored two main processes and thus had two home columns (fig. S1, H and I) that were always both occupied by their preferred R7 subtype.
To confirm the strict home-column pairing of yDm8s with yR7s and pDm8s with pR7s that we observed in single-cell clones, we looked at whole-mount stainings of either population (fig. S1, E and G). We never observed a yDm8 extending its main dendritic branch along a pR7 (fig. S1J, n = 1046) or the reverse for pDm8s (n = 516). We also quantified the ratio of columns occupied by a Dm8 as a home column; 88% of yR7 columns were occupied by a yDm8, whereas 96.4% of pR7 columns were occupied by a pDm8 (fig. S1J ). These numbers might be a lower estimate of Dm8s' column coverage because the Gal4 lines are not fully penetrant and do not label all neurons of a given cell type [see below and (35) ].
In addition to pDm8s, we also identified a second type of DIPg-negative Dm8 that only innervated DRA photoreceptors (Fig. 1 , K and L). These Dm8s had a morphology distinct from that of pDm8s and yDm8s: They did not appear to have any distinctive home column; they only made tight contacts with DRAR7 termini and did not contact the M6 layer in the main part of the medulla innervated by pale and yellow R7s (Fig. 1 , K and L). We also 4 of 11 identified a Gal4 line that specifically labeled DRADm8s, thereby confirming that these neurons were genetically different from pDm8 neurons and that DRADm8s were confined to the outer part of the dorsal half of the medulla where DRAR7 axons are located ( Fig. 1M ). These neurons correspond to the newly identified Dm-DRA1 neurons that were shown to be postsynaptic to DRAR7s (36) .
Thus, we identified three types of Dm8s, corresponding to the three different R7 subtypes. In the main part of the medulla, most columns are occupied by the main process of a single pDm8 or yDm8 with a perfect pairing of R7 and Dm8 subtypes. Thus, the topographic organization of R7 subtypes in the retina is propagated to the medulla and mirrored by the mosaic of Dm8 subtypes.
Dm8 subtypes are prespecified and have distinct lineages
We next sought to identify the mechanisms that lead from the stochastic patterning of photoreceptors to a deterministic output in the medulla, where most of the columns are occupied by a Dm8 with a perfect matching between R7 subtypes and their respective Dm8 subtypes.
Two alternative mechanisms could allow this matching: (i) R7 subtypes could directly coordinate their fate with their Dm8 subtypes by instructing naïve Dm8s during development to adopt the appropriate fate (p versus y). This would be similar to the coordination between R7 and R8 fates, where pR7s signal to R8s within the same ommatidium and instruct them to adopt the pR8 fate (15) . (ii) Alternatively, distinct Dm8 subtypes could be specified independently of R7 subtypes, such that matching would occur during later stages in development.
To distinguish between the two models, we sought to identify the origin of the distinct Dm8 subtypes and asked whether distinct subtypes form during development, before R7 innervation, or whether a single naïve type develops first. Because the Gal4 lines used to label Dm8 neurons in adult brains begin expression during late pupal development, we looked for markers expressed by adult Dm8 neurons that may also be expressed during early development. In adults, all three Dm8 subtypes expressed the transcription factors Dachshund (Dac) and Traffic jam (Tj) ( Fig. 2A  and fig. S2A ). We first focused on identifying yDm8s during development and asked when yDm8s adopt their final subtype fate. We looked at the early expression of DIPg in late L3 larval optic lobes and identified several distinct clusters of cells expressing DIPg (Fig. 2B ). One of these clusters also expressed Dac and Tj (Fig. 2C ) and could represent the yDm8 population. The identification of larval yDm8s based on the markers expressed in adult Dm8s assumes that their expression is maintained throughout development. We confirmed that this was indeed the case by following the Dac + Tj + DIPg + cell cluster from L3 until we could identify these neurons as yDm8s by their morphology (Fig. 2 , D to F). Thus, in late L3 stage, when medulla neurons are just born, yDm8s have already acquired their final identity and express DIPg.
We then looked for other Tj and Dac doublepositive cells in the developing larval optic lobe that could represent the other two Dm8 subtypes. We found four other large clusters of Dac + Tj + neurons (Fig. 2C) . Unlike for yDm8s, we could not trace pDm8s and DRADm8s from larva to adult because of the lack of a marker equivalent to DIPg. Thus, to identify which cluster corresponded to which Dm8 subtypes, we used lineage trace experiments with the FLEXAMP memory cassette ( fig. S2D) (37) . When using the tj-Gal4 line, which faithfully recapitulates Tj expression in larvae ( fig. S2C ), in combination with DIPg-Gal80, we consistently obtained clones of pDm8s and DRADm8s (fig. S2E ).
The medulla neuroepithelium is divided along the dorsoventral axis into compartments based on the expression of spatially restricted factors (26, 37) : dpp, Optix, and Vsx1 expression define the three major compartments; Optix is in the two arms of the medulla neuroepithelium ( Fig. 2C) and dpp in the two lateral parts. The ventral half can also be defined by its early expression of hedgehog (hh) (Fig. 2I ). We used lineage tools to identify the neuroepithelium compartments from which the different types of Dm8s originate.
We first used a lineage tool for the main medulla neuroepithelium compartment using Optix-Gal4 (Fig. 2C ) and for the central medulla neuroepithelium using pxb-Gal4 (Fig.  2G ). In larvae, the majority of Dac + Tj + neurons came from the Optix region; two clusters were present in the ventral half, including the one expressing DIPg. A third one was in the dorsal half (Fig. 2C) , whereas a smaller cluster was in the pxb region (Fig. 2G ). We used these lineage tools to trace yDm8s, pDm8s, and DRADm8 s in adults. All three subtypes were labeled by the Optix lineage tool (fig. S2 , F and G), whereas no Dm8s were labeled by the pxb lineage tool ( Fig. 2H  and fig. S2H ). We then traced neurons coming from the ventral half of the medulla neuroepithelium by using hh-Gal4 lineage trace (Fig. 2I) to identify whether the two Optixderived Tj + Dac + DIPgclusters were the pDm8s and DRADm8s. pDm8s (and yDm8s) were labeled by the hh lineage trace, but none of the DRADm8s were (Fig. 2, J and K) . Therefore, pDm8s come from the ventral Optix cluster, next to yDm8s, whereas DRADm8s are part of the dorsal Optix-derived cluster (Fig. 2L ).
This shows that the three Dm8 subtypes come from three different neural progenitor domains and thus have distinct lineages (Fig. 2L) . The distinct fates of Dm8 subtypes are thus preestablished independently of the specification of their presynaptic R7 subtype.
Change in R7 ratio affects formation of Dm8 subtypes
Because the Dm8 subtypes are specified independently of yR7 and pR7, how can the brain accommodate stochastic changes in the ratio of photoreceptor subtypes to ensure that pDm8s always connect to pR7s and yDm8s to yR7s? To address this, we used mutations that affect the specification of the different ommatidial subtypes and looked at the consequences for the formation of Dm8s (Fig. 3A) . We first focused on yDm8s: In the wild type, their arborizations covered the M6 layer almost entirely, and their main branch that reached M4 in their home column could be easily identified (Fig. 3B) . We examined the effect of the absence of yR7s on yDm8s by using a retinaspecific allele of spineless in which yR7s are not specified and the main part of the retina is solely composed of pR7s (R. Johnston, personal communication). In these ss mutants, large areas of the M6 layer were devoid of yDm8s because of a decrease in the number of yDm8s (Fig. 3 , C and G; number of yDm8s per optic lobe, WT = 345, ss = 93). Furthermore, remaining yDm8s lacked a home column, as seen by the absence of the typical main Dm8 arbor reaching the M4 layer ( Fig.  3C ). Similar effects, although varying in magnitude, could be seen in two other genetic backgrounds that lack yR7s: In sevenless (sev) mutants, where R7s are not specified (Fig. 3A) , there was a similar decrease in the number of yDm8s (Fig. 3 , D and G, sev = 95). However, in contrast with ss mutants, some yDm8s appeared to still have a home column, although their main processes were thinner and reached higher in the medulla to layer M3 where they wrapped around R8 termini (Fig. 3D ). We also converted the entire retina into DRA ommatidia using homothorax gainof-function (lGMR-hth, Fig. 3A ) and we observed a similar, although weaker, decrease in the number of yDm8s (Fig. 3G , WT = 345, lGMR-hth = 184) and a total absence of yDm8s' home column (Fig. 3E) .
We next performed the reverse experiment and converted the entire retina into yellow ommatidia by overexpressing Ss in photoreceptors (lGMR-ss, Fig. 3A ). In this case, almost every R7 was occupied by a yDm8 home column (Fig. 3F ) and the number of yDm8s increased by 25% (WT = 345, lGMR-ss = 430).
We also quantified the number of pDm8s and obtained similar results: In the absence of pR7s (lGMR-ss, sev), the number of pDm8s dropped substantially ( Fig. 3H ; WT = 102, lGMR-ss = 3.4, sev = 17), whereas it increased in ss mutants ( Fig. 3H; ss = 139 ). Taken together, these data indicate that the numbers of yDm8s and pDm8s are affected by the numbers of yR7s and pR7s in the retina.
In ss gain-of-function (lGMR-ss), most yR7s were occupied by a yDm8 home column (Fig.  3F) ; the 25% increase in yDm8 number alone could not account for such a strong effect (Fig. 3G ). We speculated that in addition to the increase in cell number, an increase in the number of home columns covered by individual yDm8 could explain such an effect. We therefore generated single-cell flip-out clones of yDm8s in ss gain-of-function to look at their morphology. In the wild type, 16.1% of yDm8s had two home columns (fig. S1, H and I), whereas in ss gain-of-function, 45.5% of yDm8s had two home columns (Fig. 3 , I and J). We never observed yDm8s with more than two home columns. Thus, two mechanisms allow adult yDm8s to accommodate changes in the number of their R7 presynaptic partners: (i) their numbers increase or decrease overall to match the number of yR7s, and (ii) when excess yR7s are present, individual yDm8s also increase the number of columns they occupy, such that most yR7s are covered.
Apoptosis of excess Dm8s ensures the numerical matching of R7s and Dm8s
Our data indicate that although the different types of Dm8s are prespecified, their number can be adjusted to accommodate the ratio of their presynaptic R7s. One hypothesis is that in ss mutants, yDm8s are produced normally, but in the absence of their yR7 partners, they are eliminated during a later stage of development, whereas when yR7s are in excess (lGMR-ss), all yDm8s are maintained. To test this, we first looked at the number of yDm8s early in development in ss mutants that lack yR7s. At 20 hours after puparium formation (APF), when the neuroblasts no longer divide and thus no more medulla neurons are produced, similar numbers of yDm8s were found in ss mutants and in the wild type ( Fig. 4 , A, C, and E; WT = 437.5, ss = 416.5). By 40 hours APF, however, the number of yDm8s decreased to approximately the number observed in the adult in both the wild type and ss mutants ( Fig. 4 , A to E; 40 hours APF: WT = 351, ss = 113; adult: WT = 345, ss = 93). This confirms that in the absence of yR7s, yDm8s are still produced normally but numerical matching with yR7s happens during pupal development.
The decrease in the number of yDm8s in ss mutants might be due to the death of yDm8s that have failed to find their correct R7 subtype. Inhibiting apoptosis with tj-Gal4 to misexpress the caspase inhibitor P35 in yDm8s restored the number of yDm8s in ss mutants to the number found at 20 hours APF ( Fig. 4E ; adult: WT = 345, ss = 93, ss + P35 = 406, P20: ss = 416.5). We could also rescue the decreased number of yDm8s in the wild type by misexpressing P35 (Fig. 4E) . The final number of adult yDm8s obtained upon cell death inhibition was similar in the wild type and in ss mutants, and was also similar to the number in the ss gain-of-function and in the wild type at 20 hours APF (Figs. 3G and 4E; WT-20hAPF = 437.5, lGMR-ss = 430, WT + P35 = 410). This shows that during development, a fixed number of yDm8s are produced in excess but the relative number of yDm8s surviving depends on the number of their available presynaptic yR7s: Naturally occurring cell death can be rescued by providing more yR7s in ss gain-of-function, whereas it can be greatly increased by eliminating yR7s in ss or sev mutants. However, about 25% of 6 of 11 yDm8s are still found in the absence of any yR7s (Fig. 3G) , which suggests that some yDm8s that are not connected to yR7s can still survive. This could be because they received trophic support from other neuronal partners, either from neurons that are normally connected to R7s (e.g., their postsynaptic target Tm5b) or through ectopic connections that they form with other neurons (e.g., pR7).
We propose that this mechanism is sufficient to obtain the perfect matching observed in the wild type, and that cell death plays an essential role in coordinating the size of the Dm8 populations with the ratio of y/p R7 subtypes in the retina.
Physiological apoptosis regulates Dm8 wiring
We next tested whether the physiological cell death might be important for the proper wiring of yDm8s by looking for mispairing of yDm8s with pR7s when cell death was abolished in an otherwise wild-type background. We did observe a very low but significant frequency of yDm8s mispaired with pR7s ( Fig. 4F and fig. S1E ; WT + P35 = 0.7%; n = 428). This suggests that the great majority of undead yDm8s still manage to integrate into the proper circuitry.
yDm8 morphology and survival are affected in DIPg and dpr11 mutants
We next sought to identify the mechanisms that control the pairing of Dm8s with their specific R7 subtypes and to investigate the role of Dpr11 and DIPg in the process. Dprs and DIPs are two closely related families of immunoglobulin-containing cell adhesion molecules (38) . Each of the 21 Dprs binds to one or several of the 11 DIPs, and these interactions are required for their neurogenic function (39, 40) . Because of the striking complementary expression pattern of Dpr and DIP pairs in synaptic partners, these families have been proposed to play a role in synaptic partner matching (28, 31, 39) . Dpr11 and DIPg are ideal candidates for the matching of yR7s and yDm8s: dpr11 expression is specific to yR7s (28) (Fig. 1D) and depends on ss, as dpr11 is lost from yR7s in ss mutant retinas (Fig. 5A ), whereas ss overexpression in photoreceptors is sufficient to induce dpr11 expression in all R7s (Fig. 5B) . dpr11 is widely expressed in the optic lobe, especially in adult brains ( fig. S3A ). However, at 25 hours APF, around the time dpr11 expression peaks in yR7s, it is relatively restricted to yR7s in the M6 layer while still being broadly expressed in other medulla layers (Fig. 5C ). By that time, yDm8s have already reached the M6 layer and have contacted R7s (Fig. 5C ) but do not have an obvious phenotype in DIPg mutants (Fig. 5D ).
In adults, however, the mutant phenotypes for dpr11 or DIPg were quite obvious: yDm8s' number and innervation of the M6 layer were decreased (Fig. 5 , E and J; WT = 345, DIPg = 130, dpr11 = 132). This reduction was also due to apoptosis during development, as the DIPg phenotype could be rescued by misexpressing P35 in yDm8s ( Fig. 5J ; DIPg + P35 = 432). This phenotype is similar to what was reported for mutants for DIPa and its two Dpr partners, dpr6 and dpr10, where a proportion of the three DIPa-expressing Dm neuron types were shown to undergo increased apoptosis (39) .
Additionally, yDm8 morphology was affected in both mutants. DIPg mutant yDm8s failed to extend a proper process in their home column ( Figs. 3B and 5E ) and only had a short protrusion at the center of their dendritic field (Fig. 5, G and H) . In dpr11 mutants, yDm8s had a similar but weaker phenotype and extended a thin process in their home column (Fig. 5, G and I) . Rescuing cell death in yDm8s was not sufficient to rescue the morphology of their dendritic extension in their home column ( fig. S3B ).
Thus, dpr11 and DIPg mutants phenocopy the loss of yR7s (Fig. 3 ), supporting a model that yDm8s in these mutants are unable to recognize yR7s and thus do not receive the trophic support required for their survival. If this was indeed the case, (i) overexpressing dpr11 in R7s should compensate for the loss of yR7s in ss mutants, and (ii) the loss of DIPg should be epistatic over the ss gain-offunction. Overexpression of dpr11 in photoreceptors increased the number of yDm8s in the wild type and could also rescue yDm8 cell death and morphology in ss mutants [ Fig. 5K (lGMR-dpr11 = 400, ss + lGMR-dpr11 = 382) and fig. S3D ]. Conversely, increasing the number of yR7s using ss gain-of-function was not sufficient to rescue cell death of yDm8s in a DIPg mutant background [ Fig. 5K (DIPg = 130, DIPg + lGMR-ss = 154) and fig. S3C ].
DIPg and Dpr11 regulate the pairing between yR7s and yDm8s
These results imply that Dpr11 and DIPg mediate the strict matching of yDm8s with yR7s. If true, we would expect to observe mispairing of the remaining yDm8s with pR7s in either mutant because of the inability of yDm8 to recognize yR7s. In the wild type, yDm8 home columns were always located along yR7 and we never observed mispairing with a pR7, either in single-cell clones (Fig. 1, E and F) or whole mounts ( Fig. 6A ; number of yDm8s, n = 1046). We first tested whether DIPg and dpr11 mutants exhibited defects in yDm8 and yR7 pairing. We did observe mispairing in both mutants (Fig. 6, B and C) where~5% of surviving yDm8s were paired with pR7s ( Fig.  6D ; DIPg = 4.7%; dpr11 = 4.8%). The ratio of yR7s contacted by DIPg mutant yDm8 lateral dendrites was also decreased ( fig. S4B ; WT = 61.4%, DIPg = 51.1%) without affecting their overall dendritic field size ( fig. S4A ; WT = 12.9, DIPg = 12.5).
We next tested whether DIPg overexpression in pDm8s or dpr11 in pR7s was sufficient to generate mispairing of Dm8s with R7s. When DIPg was sparsely overexpressed in pDm8 MARCM clones from late third larval instar stage onward using tj-Gal4, pDm8s were always mispaired with yR7s ( Fig. 6E, n = 12/12 ).
We also misexpressed DIPg in two other medulla neuron types: Dm11 and Dm12. Dm11s project to the M6 layer and have multiple processes going along multiple R7s ( fig. S2E ) but do not show a preference for a R7 subtype ( fig. S4C ). DIPg overexpression in Dm11s was sufficient to induce these processes to exclusively occupy yR7 columns ( fig. S4D ). However, misexpression of DIPg had no effect on Dm12 neurons (fig. S4, E and F) .
We also overexpressed dpr11 in all photoreceptors and looked at whether this was sufficient to create mispairing between yDm8s with pR7s. Indeed, 20% of yDm8s extended their home column in pR7 columns (Fig. 6F , n = 5/23). Taken together, these data show that Dpr11-DIPg interaction is sufficient to promote pairing of Dm8s with yR7s, whereas lack of Dpr11 and DIPg only causes 5% of yDm8s to mispair with pR7s.
Two hypotheses could explain the discrepancy between the requirement and the sufficiency of dpr11 and DIPg: (i) In the absence of DIPg, pDm8s are unaffected and thus target pR7s, leaving no space for mutant yDm8s to target pR7s. One could test this by looking at yDm8 pairing in a DIPg mutant where pDm8s were ablated. Because this experiment was not technically feasible, instead of removing the competition with pDm8s, we allowed DIPg mutant yDm8s to compete with both pDm8s and wild-type yDm8s. We looked at the pairing of DIPg homozygous mutant yDm8s in a mosaic animal using MARCM where most yDm8s were heterozygous for DIPg. Because DIPg mutant yDm8s would normally undergo apoptosis (see below and fig. S6 ), we rescued cell death by misexpressing P35 in the mutant clones. In these conditions, half of the DIPg mutant yDm8s mispaired with pR7s ( Fig. 6H , n = 7/14), whereas in single-cell flip-out clones in whole DIPg mutants, we did not observe a single mispaired yDm8 ( Fig. 6G ; n = 0/15). Thus, in this experimental setup where pR7 and yR7 columns are equally accessible, yDm8s evenly distribute between the two, which suggests that DIPg is required for yDm8s to pair with the proper R7 subtype. (ii) A second explanation could be that because two-thirds of yDm8s die during early pupal development in DIPg mutants after they are unable to find a yR7, they would be able to mistarget if cell death was rescued. Indeed, when we rescued cell death in DIPg mutants, there was a factor of 3 increase in yDm8 mispairing ( Fig. 6D ; DIPg = 4.7%, DIPg + P35 = 14.7%). However, because not every yDm8 that was prevented from dying mispaired with a pR7, this suggests that cell death is not the result of the culling of mispaired yDm8s; rather, the implication is that preventing cell death makes them more competent to compete with pDm8s to occupy pR7 columns.
Taken together, our data indicate that Dpr11 and DIPg mediate the pairing of yDm8s with their presynaptic partner yR7s. It is noteworthy that we did not find any other DIPs expressed in pDm8s or pR7s, whereas Dm8s express multiple Dprs based on RNA sequencing data (17) . This suggests that the matching between pR7 and pDm8s uses cell adhesion molecules distinct from Dprs and DIPs.
Targeting of the M6 layer by yDm8s is not affected in DIPg mutants and in DIP gain-of-function
On the basis of their layer-specific expression in the medulla and misexpression experiments, it was proposed that Dprs and DIPs regulate layer targeting (39) . In either dpr11 or DIPg mutants, yR7s or yDm8s do not mistarget but instead elaborate processes in the appropriate M6 layer (Fig. 5, E and F) . Because the mistargeted cells could have been those eliminated by apoptosis, we looked at yDm8s in DIPg mutants where cell death was abolished, as well as during development when apoptosis happens. We did not observe mistargeting to another layer in either case ( Fig. 5D and fig.  S3B ). To test whether DIP overexpression was sufficient to mistarget neurons to an improper layer, we misexpressed DIPs in different neuronal populations. As described above, overexpression of DIPg in Dm12s that normally innervate the M3 layer was not sufficient to make them target the M6 layer or other layers where DIPg is expressed ( fig. S4 , E and F). We also tested whether replacing DIPg by other DIPs normally expressed in different layers would be sufficient to retarget yDm8s to these layers ( fig. S5 ). Overexpression of DIPd in DIPg mutant yDm8s had no effect ( fig. S5E ), but overexpression of DIPa led some yDm8s to send small processes to the M3 and M7 layers ( fig. S5C) , where DIPa and its two ligands are expressed ( fig. S5, B , F, and G). Thus, the targeting of yDm8s to the M6 layer is independent of Dpr11-DIPg interaction, and yDm8s cannot be efficiently retargeted to different layers by ectopic expression of other DIPs. However, the extension of their home column requires DIPg, and ectopic expression of DIPa leads to the formation of small extensions reminiscent of Dm8s' home column. Taken together, these results suggest that DIPs do not play an important role in layer targeting in the visual system but instead are involved in the matching of synaptic pairs.
Competitive interactions between Dm8s regulate survival and wiring
The mispairing of yDm8s was much enhanced when they had to compete for targeting with wild-type yDm8s (see above). We thus asked whether survival was also affected by competition among Dm8s. We generated DIPg yDm8 mutant MARCM clones in either a DIPg heterozygous background or in a DIPg mutant background where yDm8s both outside and within the clone had identical genotypes ( fig.   S6A ). If competition among yDm8s played a role in survival, we would expect to see differences in clone size. In the heterozygous background, we obtained small clones of yDm8s ( fig. S6B ; yDm8s per clone: 2 ± 2.6, mean ± SD) whereas in DIPg mutant background, we obtained clones of significantly larger size ( fig. S6B ; yDm8/clone: 10.8 ± 3.5). Because these experiments rely on generating clones of the same size, we controlled for clone size by quantifying the number of pDm8s per clone.
In both conditions, we obtained similar numbers of pDm8s ( fig. S6B ; pDm8s per clone: WT background, 29.6 ± 10.3; DIPg background, 28.6 ± 6.3), thereby confirming that the difference in yDm8 number comes from a difference in survival. Thus, DIPg mutant yDm8s are much more likely to survive when they compete with DIPg mutant yDm8s rather than with wild-type yDm8s. We noticed that affecting yDm8s sometimes yielded unexpected effects on pDm8s that could also be explained by competitive interactions among Dm8s: In DIPg and dpr11 mutants, the number of pDm8s increased (fig. S6D; WT = 102, DIPg = 135, dpr11 = 136). Because neither DIPg nor dpr11 is expressed in pDm8s, the increase in pDm8 number might result from the decrease in the number of yDm8s. We thus explored the nonautonomous 9 of 11 . Some yR7 or pR7 columns are indicated by yellow and cyan circles, respectively. In WT, yDm8s occupy most yR7 columns but never occupy pR7 columns (A′′). In DIPg and dpr11 mutants, many yR7 columns are devoid of yDm8s, and some yDm8s contact pR7s (cyan circle). (D) Quantification of yDm8s mispairing with pR7s (number of yDm8s: WT, n = 1046; DIPg, n = 223; dpr11, n = 478; DIPg;DIPg-Gal4>P35, n = 251; WT;DIPg-Gal4>P35; n = 428). effects on pDm8 survival. We first asked whether promoting survival of yDm8s would affect pDm8 survival when we increased the number of yDm8s without affecting pR7 specification: In dpr11 gain-of-function (lGMR-dpr11), the number of yDm8s increased, with a corresponding >50% decrease in the number of pDm8s ( fig. S6D ; WT = 102, lGMR-dpr11 = 41). We obtained the same effect in the absence of any yR7s when dpr11 was overexpressed in a ss mutant ( fig. S6D ; ss = 139, ss+lGMR-dpr11 = 32). We also asked whether decreasing the number of yDm8s (by mutating DIPg) in a ss gain-of-function would have an effect on the survival of pDm8s ( fig. S6D ), almost all of which normally die (Fig. 3G) . The decreased number of yDm8s was accompanied by an increase of pDm8s ( fig. S6D ; lGMR-ss = 3.4, DIPg + lGMR-ss = 29). Taken together, these results show that the size of the pDm8 population is affected by the number of yDm8s. Dm8s must compete for targeting, and affecting the size of one population affects the survival of the other. This competition might be regulated by self-avoidance mechanisms (41) and would explain why there is never more than one Dm8 home column per R7.
Discussion
In Drosophila, patterning of the mosaic of ommatidial subtypes is established by sequential steps and is initiated in R7 photoreceptors by a single transcription factor, Ss. This initial decision is then transmitted to the R8 of the same ommatidium so that R7 and R8 have paired rhodopsin expression (15) . In contrast, our results show that the mechanism responsible for the coordination of R7 subtype specification with their main postsynaptic target in the brain is different. Dm8 subtype specification does not depend on direct induction from R7s, and each Dm8 subtype is produced independently from their corresponding R7s. We found that the matching occurs during a later stage of circuit formation, after the specification of the different components of the circuit. After matching with their R7 subtypes, controlled by Dpr11/DIPg for yR7s/yDm8s, supernumerary Dm8s are culled by apoptosis. Because the ratio of ommatidial subtypes can vary among individuals (42) , this mechanism allows the perfect matching that is observed in adults, where most R7s, if not all, are innervated by a single Dm8 of the proper type. This developmental plasticity provides a powerful mechanism to transmit the stochastic formation of the photoreceptor mosaic to the deterministic patterning of the brain.
Role of DIPg and Dpr11 in synaptic partner pairing
The complementary expression of Dpr and DIP binding pairs in synaptic partners raised the possibility that these proteins might be the long-sought "Sperry molecules" that act as molecular tags to instruct synaptic specificity (28, 31, 43) . Here, we provide evidence that DIPg in yDm8 and Dpr11 in yR7 instruct synaptic partner matching. Similar to the genetic removal of yR7s, loss of either DIPg or Dpr11 leads to apoptosis of yDm8s; this suggests that in their absence, yDm8s are unable to connect to yR7s and to receive from yR7s the trophic support required for their survival. In both mutants, this is accompanied by limited mispairing of yDm8s with pR7s, whereas ectopic expression of these molecules is sufficient to create mispairing between R7 and Dm8 subtypes. However, targeting to the proper M6 layer of the medulla is not affected in these mutants, nor is the dendritic size of yDm8s. Thus, we propose that Dprs and DIPs act during a later step of circuit formation to allow distinct neurons that project to the same layer to recognize their appropriate synaptic partners.
Analysis of other Dpr/DIP pairs in and outside the visual system supports this view: In the medulla, loss of either DIPa or its two ligands, Dpr6 and Dpr10, results in apoptosis of a proportion of three Dm neuron types that express DIPa, likely because these neurons are unable to recognize their targets (39) . In the olfactory system, loss of DIPs leads to the disorganization of olfactory glomeruli (44) . At the larval and adult neuromuscular junction, DIPa is expressed in a subset of motoneurons, whereas its binding partner Dpr10 is in muscles (45, 46) . Loss of either leads to the partial loss of the innervation of the muscle by motoneurons. During development, mutant adult motoneurons extend normal filopodia that target the proper muscles. However, these filopodia fail to be maintained, likely because they are unable to recognize the proper muscles in the absence of these molecules (45) . In the lamina, loss or misexpression of DIPs leads to ectopic synapse formation (47) .
Taken together, this work suggests that Dprs and DIPs establish synaptic specificity. The difference in phenotypes in different systems (e.g., survival; mistargeting or loss of axonal branches) might reveal the different requirements for such molecules in distinct circuits.
Apoptosis as a mechanism for numerical matching of neuronal pairs
Programmed cell death facilitates quantitative matching of synaptic partners (48) . For example, target-derived nerve growth factor (NGF) promotes survival of sympathetic and sensory neurons (49, 50) . This discovery led to the development of the neurotrophic theory, which states that neurons are produced in excess and that competition for limited trophic support allows for the numerical matching of afferents with their targets in the periphery. Here, we provide evidence that a similar phenomenon happens in the Drosophila central nervous system. We show that yDm8s are produced in excess, and that around 25% are eliminated by apoptosis during normal development. This cell death could be fully rescued by increasing the number of yDm8 afferents, or conversely be aggravated by decreasing the number of yR7s. Because DIPg and dpr11 mutants phenocopy the loss of yR7, uncovering a link between synaptic pairs matching and survival, this argues that the numerical matching of pairs of R7 and Dm8 is obtained by apoptosis of unmatched Dm8s.
In other parts of the visual system and of the brain, neuronal survival is not affected in DIP mutants (44) (45) (46) (47) . Thus, cell death might reveal circuit-specific properties of the formation of the visual system. For yDm8s, the dependency on targeting for survival allows the 1:1 matching of yDm8s and yR7s. For other multicolumnar neurons, one can only speculate about the function of normally occurring cell death. The medulla is composed of~750 retinotopically organized columns that can be considered as repetitive microcircuits that each compute information from a single point of the visual field. Each column needs to be innervated by the proper neurons in the proper amount. Thus, creating more multicolumnar neurons that require target-derived trophic support to survive might allow the complete innervation of the medulla while having the optimal number of neurons.
Materials and methods
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